Background: Malaysia still faces challenges optimizing resources to effectively eliminate measles through high immunization and herd immunity, with sporadic outbreaks of measles as evidence. The objective of this study is to determine the age-specific positive measles antibodies seroprevalence used for assessing the establishment of herd immunity against measles in different age groups. This is useful for identifying vulnerable age groups requiring supplementary immunization. Methods: A seroprevalence study was conducted among respondents aged 6-9 years, 15-24 years and 45-54 years attending government health clinics in Seremban between September 2014 and January 2015. A total of 1541 measles IgG antibody status were determined using ELISA technique (NovaTec Immundiagnostica GMBH) and assessment of establishment of herd immunity was based on indicators developed by Plans. Data on socio-demographic background as well as medical and medication history were also gathered. Results: Seropositive rate for all respondents were 87% (95% CI 85-89), while the rest had either indeterminate [6% (95% CI 5-7)] or negative titre [7% (95% CI 6-8)]. None of the factors analyzed except for age were significant predictors of positive measles antibodies. Seropositive rate differed by age with the highest rate seen in adults (94%; CI 92-96), followed by children (90%; 95% CI 87-94) and adolescents, and young adults (74%; 95% CI 70-78). Based on Plans' indicators, herd immunity was established in adults and children, but not in adolescents and young adults. Conclusions: To tackle the most susceptible group in the present study, it is advisable to give booster vaccination to secondary school students and freshmen who enter colleges and universities in Malaysia.
Background
Measles is a highly contagious disease affecting more than 95% of exposed populations before the introduction of measles containing vaccine (MCV). In 1980, almost 2.6 million children aged below 6 years were estimated dead secondary to measles annually [1] . Despite all the progress in measles control, many countries are still facing difficulties managing resources to protect their children from this disease burden effectively. Therefore, measles continues to be a leading cause of vaccine preventable mortality among children [2] .
Malaysia was reported to be the country in the Western Pacific Region with the highest confirmed measles incidence with a rate of 63.7 per 1,000 000 populations in 2012 [3] . In Seremban, the incidence was higher with a rate of 72.1 per 1,000 000 populations. Since 1982 until 2002, a single dose measles vaccination was given to children at 9 months of age. Subsequently in 2002, the Malaysian Ministry of Health implemented measles elimination strategy when a double dose measles-mumpsrubella (MMR) vaccine was introduced to children at 12 months and 7 years old [4] .
Vaccination limits the number of secondary persons who can be infected. Hence, we need to reduce the number of unimmuned person so that outbreaks could not occur [5] . The ultimate aim of the use of vaccination in infectious diseases field is disease elimination where persistent transmission no longer exists in the population and secondary infection due to imported cases is terminated [6] . In order to assess immunization programmes for measles, it is beneficial if the level of antibody against measles is determined. Elimination of indigenous measles could be obtained if the prevalence of susceptible individuals remains at low level [7] .
Study objectives
The main objectives of this study were to evaluate the establishment of herd immunity against measles among subgroups of population by comparing their seroprevalence of positive measles antibodies (p) with critical prevalence of antibody associated with herd immunity (p c ) according to Plans [8] .
Methods

Sampling population
This was an institutional ethics approved cross-sectional study conducted among children, adolescents and young adults, and adults attending government/ public health clinics in Seremban, the capital of the state of Negeri Sembilan from September 2014 to January 2015. Seremban was chosen as s study site since the incidence rate was high. It is also the biggest district in Negeri Sembilan with the highest population having both urban and rural health clinics. The sample size calculation for this study was based on comparison of two proportions [9] with power set at 80%, two-sided confidence level at 95% and using the comparative prevalence of a local study conducted by Saraswathy et al. [10] . The sampling of patients was done using multistage sampling. In the first stage, 10 of the 11 health clinics in the district of Seremban were selected using nonprobability purposive sampling technique. In the second stage, samples were stratified into three age groups; children (6-9 years old), adolescents and young adults (15-24 years old), and adults (45-54 years old) similar to the age group of the study conducted by Plans [8] . Every 5th patient attending the selected health clinics were recruited into the study according to the stratified age.
About 5 mls of blood sample were collected in a plain tube, followed by extraction of 1 mls of serum which was kept deep frozen between -20°and -70°C until analysed. Other factors like socio-demographic background as well as medical and medication history were collected through face to face interview with respondents/ parents or guardians using a standardized and validated questionnaire. The measles IgG antibody status were determined using ELISA (Enzyme-linked Immunosorbent Assay) technique (NovaTec Immunodiagnostica GMBH) [11] at the accredited Pathology Laboratory, Hospital Tuanku Jaafar. According to the manufacturer's information, the sensitivity and the specificity of the measles IgG kit were more than 95% [11] .
Data analysis
The serological findings were classified as seronegative when measles IgG level was less than 120 IU/ml, indeterminate when the measles IgG level was between 120 and 220 IU/ml and seropositive when measles IgG level was more than 220 IU/ml. For statistical analysis, the respondents were classified into those who were seropositive and those who were not (indeterminate and seronegative).
Descriptive and analytical analyses of data were carried out using 'Statistical Package for Social Sciences' (SPSS) Version 20.0. Statistical significance level was taken at the p value < 0.05 and 95% confidence intervals (CI). Descriptive statistics such as frequency and percentage were used to analyse the socio-demographic variables. The binary logistic regression analysis was used to determine the association between the variable of interest and positive measles antibody in the respondents. If significant association between variables were found, the Odds Ratio value will be used to determine the association between the variable in question and positive measles antibody.
Finally, the establishment of herd immunity was determined based on Plans' indicator [8] . Herd immunity was established when the prevalence of antibodies observed in a serological study (p) was higher than the critical prevalence of antibodies associated with herd immunity (p c ); p > p c.. Herd immunity was not established when the prevalence of antibodies observed in a serological study (p) was lower than the critical prevalence of antibodies associated with herd immunity (p c ); p < p c , where p was the positive seroprevalence of measles IgG and p c , the critical prevalence of antibody against measles was determined using a mathematical model developed by Plans [8] . In Plans' formula, p was also used to estimate the critical prevalence of antibody against measles (p c ) in the population and by subgroups (age, gender and ethnicity) as shown in the formulae.
Seroprevalence of positive measles antibody (p)
The variable (p) denoted the presence of antibody against measles (positive measles IgG) in the study population. The prevalence (p), is also used to calculate PPV, a component for the estimation of critical prevalence of antibodies associated with herd immunity (p c ) as shown in Formula 1.
Critical prevalence of antibodies associated with herd immunity (p c )
The estimation of critical prevalence of antibodies associated with herd immunity (p c ) was based on Formula 1. The critical prevalence of antibodies associated with herd immunity (p c ) could be determined from the prevalence of protected individuals or herd immunity threshold (I c ), the sensitivity (Se) and predictive value of positive serological result (PPV) [8] : Herd immunity threshold (I c ) was defined as the minimum prevalence of individuals who are protected necessary to cease the transmission of an infection in the population [12, 13] .
I c is 91-94%, of which the mean was 92.5% based on Plans [8] with R o , basic reproductive number for measles of 11 -18.
Sensitivity of the serological test (Se)
This was more than 95% according to manufacturer's data [10] .
Predictive value of positive serologic result (PPV)
In this formula, the predictive value of positive serologic result could be obtained from the prevalence of antibodies (p), the sensitivity (Se) and the specificity (Sp) of the serologic test:
Results and discussion
Results
Socio-demographic characteristics and medical/ medication history of participants A total of 1541 of the 1712 (90%) patients approached agreed to participate in this study. Table 1 shows that most of the respondents were adults aged 45-54 years (48.9%), followed by adolescents and young adults aged 15-24 years (31.7%) and children aged 6-9 years (19.3%).
The numbers of female participants were slightly higher (53.2%) than male participants (46.8%). A total of 927 (60.2%) participants were Malays, 74.2% had lower education and 75.1% had lower household income. Lower educational level was defined as those who did not go to school or had received at most secondary education whereas lower household income was defined as average total income for all household members in Malaysian Ringgit (MYR) of less than RM 4000 for a typical month. The respondents were mostly born in places outside Seremban (54.4%) and in urban locality (66%). Of all respondents, 81.6% attended urban located health clinics in Seremban district and most of them had no medical problems (61.1%) and were not on any medications (63.3%).
Seroprevalence and associated factors of measles antibodies (measles IgG) Table 1 also shows the percentages of respondents who were measles IgG seropositive, indeterminate or seronegative by different socio-demographic variables and medical/ medication history. The overall prevalence of positive titre for measles IgG in the sample surveyed was 87% (95% CI 85-89) while 6% (95% CI 5-7) of all respondents had indeterminate titre and another 7% (95% CI 6-8) had negative titre. The proportion of seropositive respondents differed by age and was highest in adults aged 45-54 years (94%; 95% CI 92-96) and lowest in teenagers and young adults aged 15-24 years (74%; 95% CI 70-78). The proportion of respondents with indeterminate and negative titre level was highest in teenagers and young adults aged 15-24 years (11%; 95% CI 9-14 and 15%; 95% CI 11-18) and lowest in adults aged 45-54 years (3%; 95% CI 2-4). Differences in measles seropositive rate were seen by gender and ethnicity. Female respondents had higher positive titre (88%; 95% CI 86-91) in comparison to male respondents (85%; 95% CI 83-88). Measles seropositive rate was lowest in Malays (86%; 95% CI 83-88) and was highest in others (93%; 95% CI 83-103). Both Chinese and Indian had measles seropositive rate of 90% (95% CI 85-94) and 89% (95% CI 85-92) respectively. Differences were also seen by education level with respondents with lower education level having higher positive titre (88%; 95% CI 87-90), while those with higher education level had lower positive titre (83%; 95% CI 79-87).
Positive seroprevalence was also higher in respondents with higher household income (89%; 95% CI 86-92), born outside Seremban (89%; 95% CI 87-91) and rural born (89%; 86-92). Measles seropositive rate was slightly lower in respondents who attended rural health clinics (86%; 95% CI 81-91) in comparison to respondents who attended urban health clinics (87%; 95% CI 86-89). Obvious differences were also found in respondents with medical problems and medication history where both had higher positive titre for measles IgG (92%; 95% CI 90-94 and 93%; 95% CI 90-95).
The possible association between socio-demographic variables and medical/ medication history and prevalence of measles antibodies was analysed by initially conducting chi square test and further verified with simple logistic regressions. Simple logistic regression tests were conducted to screen for important independent variables prior to multivariable analysis. To test for the association of these socio-demographic and medical/ medication history, measles seropositive titre were compared. Table 1 shows that there were significant differences in measles positive seroprevalence by age, education level, place of birth, medical problems and medication history (p < 0.05). Adolescents and young adults aged 15-24 years had decreased Odds of having positive measles IgG by 69% compared to children aged 6-9 years (OR 0.31; 95% CI 0.20-0.47) while adults aged 45-54 years had Odds ratio of 1.74 (95% CI 1.07-2.84) of having positive measles IgG in comparison to children aged 6-9 years.
Respondents with higher education level had decreased Odds of having positive measles IgG titre by 35% in comparison to those with lower education level (OR 0.65; 95% CI 0.47-0.89). Those born in Seremban had decreased For multivariable or adjusted analysis, after adjusting for significant variables explored in the crude analysis, only age group remained the strongest and significant predictor for seropositivity of measles IgG based on both forward selection and backward elimination strategies.
Establishment of herd immunity against measles among all respondents
Herd immunity is established when p > p c . In the subsequent analysis, Table 2 shows three scenarios depending on how we dealt with the 6% indeterminate titre outcome of the 1541 respondents in the study.
In the first case, considered as the worst case scenario, analysis of 1541 respondents and assuming all 94 indeterminate cases as seronegative gave us a p, seropositive rate of 87% and the calculated p c based on Plans' indicator was 89.4%. Thus p < p c and herd immunity for the 1541 respondents was not established. Subsequent assessment of subgroups, the 15-24 years old respondents, both genders, in Malays and Indians also revealed that herd immunity were not established since p < p c . However, herd immunity was established among the 6-9 years old, 45-54 years old, and among Chinese and others since p > p c .
In the second scenario, considered the best case, analysing all 1541 respondents and assuming all 94 indeterminate measles IgG cases as positive, gave us a measles seropositive rate, p of 93%, while the calculated p c based on Plans' indicator was 89.1%. Hence, p > p c and herd immunity for the 1541 respondents was established in the best case scenario. Subsequent assessment showed that the 6-9 and 45-54 years old, both genders and all ethnicities showed establishment of herd immunity since p > p c . Nevertheless, among the 15-24 years old, herd immunity was not established since p < p c .
In the final scenario, using only absolute cases, those with known positive and negative measles IgG titre (n = 1447), gave us a p, seropositive rate of 93%, and the calculated p c based on Plans' indicator of 89.1%. Herd immunity for the 1447 absolute cases was established since p > p c . Subsequent analysis by age, gender and ethnic subgroups revealed similar findings as in the best case scenario when p was also 93%.
Discussion
The positive seroprevalence of measles IgG antibodies in Seremban was 87%. This is higher compared to a previous Malaysian study by Saraswathy et al. [10] where individuals aged more than 7 years had prevalence rate of 82.8%. A study conducted among healthy individuals in Baoji City, Shaanxi Province, China demonstrated the overall measles antibodies positive rate of 78.9% [14] . However, the seropositive rate was lower when compared to a study conducted in Catalonia, Spain where the global measles antibodies was 98.3% [7] . Contrary to this study, the study in Catalonia, Spain was conducted as a population based study which represents the whole community. In our study, the respondents were limited to those who attended government or public health clinics.
Factors that were explored among all respondents in this study included socio-demographic characteristics such as age, gender, ethnicity, education level, household income, place of birth, and location of place of birth and health clinics attended. Factors that may contribute to failure of being immune or getting immunization such as history of medical illness and medication history were also investigated. In the multivariable analysis, after adjusting for all explored confounders, we found only age group remained the significant predictors for measles antibodies in this study.
The seroprevalence of measles antibodies found in children (90%) was slightly lower than adults group (94%) but much higher than in the adolescents and young adults group (74%). Comparing to children aged 6-9 years in this study, adolescents and young adults group had OR of 0.31 and adults group had increased OR of 1.74 to have positive measles antibodies. Similar findings were elicited in a study conducted in Catalonia, Spain [8] and Israel [15] . However, the prevalence rate for measles antibodies in those studies among adolescents and young adults were higher (83.8% and 85.7% respectively) than that found in this study. The difference in these findings may be due to the supplementary immunization activities (SIA) that were carried out in Catalonia in 1998 and 1999 for the cohorts born in 1988-1999. Furthermore, the low prevalence rate of positive measles antibodies and high prevalence rate of indeterminate in teenagers and young adults aged 15-24 years in this study may be due to primary or secondary vaccine failure.
Primary vaccine failure or failure to seroconvert could happened among adolescents and young adults in Malaysia as their birth cohort received immunization at a very young age which was at 9 months old. Leuridan et al. [16] explained that vaccination at an earlier age is not advisable because of immature human responses of infants.
Secondary vaccine failure or waning immunity could be another reason for the decline of measles antibodies in both children and adolescents and young adults groups as compared to adults group. Vaccine recipients would be most likely to develop this type of vaccine failure because those who are vaccinated have lower measles-specific antibody as compared to those who experienced natural measles infection. In addition, the decline in measles antibodies is more rapid in those who are vaccinated than those who recuperate from measles infection [17] . The finding of this current study did not differ from a prospective cohort study by LeBaron et al. which revealed a progressive decline in measles antibodies 10 years after a second dose of measles vaccine [18] . This could explained why adolescents and young adults aged 15-24 years in this study had lower prevalence rate of measles antibodies than children 6-9 years old.
The current study showed there were no significant differences between genders in term of measles antibodies level. This result was in line with seroprevalence surveys conducted by Levine et al. [15] , Sultana et al. [19] , Yekta et al. [20] , Davidkin et al. [21] and Onoja & Adeniji [22] but differ from a study by Poethko-Muller & Mankertz [23] which found boys had higher levels of susceptibility than girls. Aaby et al. [24] also found that there were sex differences in measles vaccine efficacy in their study.
Several epidemiological studies have identified ethnicity as one of the factors that prevented certain groups of people from being vaccinated and resulted in low prevalence of measles antibodies [25] [26] [27] . A study by Mixer et al. [28] revealed different ethnicity with different cultural background is an important predictor for the uptake of MMR vaccine. White mothers staying in an underprivileged area were not keen to get their child immunized [29] . McQuillan et al. [30] demonstrated that non-Hispanic whites and Mexican Americans were the most susceptible group for measles infection in the United States population. Contrary to those findings, this study did not show any significant association between ethnicity and seropositive measles antibodies.
Respondents with lower education were found to have higher seropositive rate than those with higher education from the initial crude analysis. However, multivariate analysis revealed there was no association between level of education and positive measles antibodies. A seroprevalence study by Levine et al. [15] also showed similar findings but McQuillan et al. [30] found that higher education was a predictor of seropositive measles antibodies.
In the current study, total household income among respondents either lower or higher had no significant association with seropositive measles antibodies. The finding was similar to the study conducted by Sultana et al. [19] where the association between prevalence of measles antibodies and socio-economic classes was not significant. In contrast with this finding, in the Catalonian study, seropositive measles antibodies were higher among the rich compared to the poor [7] . Another study by Mixer et al. [28] also showed that higher MMR vaccination coverage was significantly associated with higher socioeconomic status.
McQuillan et al. [30] concluded in their study that place of birth outside of the United States was a predictor for positive measles antibodies. United Statesborn Mexican Americans had higher seropositivity for measles antibodies than foreign-born Mexican Americans. Senn et al. [31] demonstrated in the study conducted in Papua New Guinea that urban population were more susceptible to get measles infection as compared to rural population. Foreign-born children in Germany also had a higher risk of susceptibility against measles [32] . However, the present study did not find any association between positive measles antibodies titre and place of birth (either in or outside Seremban) or rural or urban locality of birth. The location of health clinics attended was also not a significant factor for development of measles antibodies in this study. Onoja & Adeniji [22] also found nonsignificant difference between the mean measles titre in two locations of health centres in Nigeria.
There were no demonstrated differences between juvenile idiopathic arthritis patients and healthy individuals in term of measles antibodies concentration and seroprotective rates [33] . The finding was similar with the present study in which medical problems and medication history were not significant predictors for seropositive measles antibodies. Nevertheless, seropositivity can be expected in the majority of vaccine recipients with DiGeorge Syndrome, post-bone marrow or solid organ transplantation and in HIV-positive children with no severe immune defects [34] . High levels of measles antibodies were also documented in psychiatric patients on treatment compared to non-psychiatric individuals [35] . Prospective cohort study should be considered in investigating contributing factors for elevated measles antibodies in such groups.
Establishment of herd immunity against measles among all respondents
Plans [8] developed a new indicator to assist in determining the accepted level of herd immunity in a population. The new indicator which is the critical prevalence of antibodies associated with herd immunity (p c ) has enabled a population to be evaluated for the establishment of herd immunity. This indicator was derived from the prevalence of positive measles antibodies (p) obtained in a seroprevalence study. Taken into consideration is the value of basic reproductive number, R o which varies according to population density. A higher value of R o and p c is expected in a dense population [8] .
In this study, herd immunity was not established in analysis of the total study population (n = 1541). Herd immunity against measles was established in children, adults, Chinese and others (other than Malay, Indian and Chinese ethnicity) but not in adolescents and young adults, both genders, and among Malays and Indians.
Based on multivariable analysis, age group was the only predictor for positive measles antibodies in this study. Thus, it is worth planning an immunization program focusing on the susceptible age group which is the adolescents and young adults. Future outbreaks are forecasted imagining these groups of individuals reaching adulthood. Similar findings were reported in many of the previous measles outbreaks in Malaysia [36] . The adolescents and young adults group can be considered a homogenous population because many remain in secondary schools, colleges and universities. Supplementary immunization activities (SIA) can be concentrated among secondary school students and freshmen in universities.
The three different age groups in this study came from various birth cohorts experiencing different immunization programs or strategies implemented in the country as shown in Table 3 . From the table, we hypothesize that adults aged 45-54 years developed their immunity secondary to natural infection. Vaccination was lacking and wide circulation of measles virus in the 1960s had ended in a near-universal measles exposure and enhanced the establishment of natural immunity. On the other hand, children, adolescents and young adults groups developed their immunity most probably via vaccination. The low prevalence rate of positive measles antibodies and high prevalence rate of indeterminate in teenagers and young adults aged 15-24 years may be attributable to different vaccination strategies during childhood.
The three scenarios with different assumptions made for indeterminate serological status in Table 2 can be eye opening for health managers and policy makers to strengthen the measles control strategies in Malaysia. Taking into account the best case scenario, where all indeterminate cases were considered seropositive, the establishment of herd immunity against measles is seen in the whole population, in children and adults group, in both gender and in all ethnic groups but not among With this finding, policy makers and health managers can plan new immunization strategies for Seremban district that should include catch-up campaigns. The result of this study may be generalized to populations with similar background as ours. Studies on the cost effectiveness of different immunization strategies such as vaccination of adults, catch-up vaccination and different timing of vaccination should be conducted to help in evidence-based decision making. Several study limitations were identified and these include selection and measurement or information bias. The study is limited to clients who attended public or government health clinics. A population based study similar to the samples in the Malaysian National Health Morbidity Surveys (NHMS) would be more representative and generalizable. Response bias should be considered as those who agreed to participate in this study may in some ways be different from those who refused to participate. However, this type of bias had been minimised due to our high response rate.
Conclusions
In order to achieve control over measles, it is crucial to implement evidence-based vaccination policy. This study recognized adolescents and young adults as pocket of susceptibles. In future, supplementary immunization activities (SIAs) in Malaysia should focus on adolescents and young adults. Seroprevalence study should be carried out at regular interval to monitor measles antibodies in different birth cohorts in order to identify to whom intervention strategies should be prioritized. This will eventually provide better measles control and ultimately measles elimination in Malaysia. 
